The capacity of human poly(ADP-ribose) polymerase-1 (PARP-1) to interact with intact apurinic/apyrimidinic (AP) sites in DNA has been demonstrated. In cell extracts, sodium borohydride reduction of the PARP-1/AP site DNA complex resulted in covalent crosslinking of PARP-1 to DNA; the identity of cross-linked PARP-1 was confirmed by mass spectrometry. Using purified human PARP-1, the specificity of PARP-1 binding to AP site-containing DNA was confirmed in competition binding experiments. PARP-1 was only weakly activated to conduct poly(ADP-ribose) synthesis upon binding to AP site-containing DNA, but was strongly activated for poly (ADP-ribose) synthesis upon strand incision by AP endonuclease 1 (APE1). By virtue of its binding to AP sites, PARP-1 could be poised for its role in base excision repair, pending DNA strand incision by APE1 or the 5′-dRP/AP lyase activity in PARP-1.
The capacity of human poly(ADP-ribose) polymerase-1 (PARP-1) to interact with intact apurinic/apyrimidinic (AP) sites in DNA has been demonstrated. In cell extracts, sodium borohydride reduction of the PARP-1/AP site DNA complex resulted in covalent crosslinking of PARP-1 to DNA; the identity of cross-linked PARP-1 was confirmed by mass spectrometry. Using purified human PARP-1, the specificity of PARP-1 binding to AP site-containing DNA was confirmed in competition binding experiments. PARP-1 was only weakly activated to conduct poly(ADP-ribose) synthesis upon binding to AP site-containing DNA, but was strongly activated for poly (ADP-ribose) synthesis upon strand incision by AP endonuclease 1 (APE1). By virtue of its binding to AP sites, PARP-1 could be poised for its role in base excision repair, pending DNA strand incision by APE1 or the 5′-dRP/AP lyase activity in PARP-1.
Schiff base | apurinic/apyrimidinic site-binding protein T he apurinic/apyrimidinic (AP) site is considered to be a common lesion in genomic DNA, arising at a frequency of 10,000 to 50,000 lesions per mammalian cell per day (1) . If unrepaired, AP sites present mutagenic and cytotoxic consequences to the cell (2) . The loss of DNA bases and attendant formation of AP sites in DNA occurs spontaneously as a result of hydrolytic cleavage of N-glycosylic bonds. AP sites are also generated through glycosylase-catalyzed removal of damaged bases during the early stage of base excision repair (BER) (3) . The number of AP sites can increase dramatically under stressful conditions such as X-ray or UV light irradiation and alkylating agent exposure (4) . AP sites in isolated DNA are stable enough for their use as substrates in enzymatic assays, but AP sites can be converted to single-strand breaks by alkali treatment, heating, or nucleophilic attack at the aldehydic C1′ group (5) . Intact AP sites in vivo can be stable enough to be mutagenic (6) during replication. Measurements of steady-state levels of AP sites in mammalian cells have varied somewhat, but are in the range of approximately 1 site per 10 6 nucleotides (4, 7). Nevertheless, repair of AP sites is thought to be extremely rapid, thus minimizing the steady-state AP site level (8) . In mammalian cells, the repair of AP sites is generally initiated through strand incision by AP endonuclease 1 (APE1), the second enzyme of the canonical BER pathway (9, 10) . AP sites also can be incised through β-elimination via the activity of DNA glycosylases and other enzymes with associated AP lyase activity (3, 11, 12) . In this case, strand incision forms a singlenucleotide gap with the AP site sugar phosphate at the 3′ margin and phosphate at the 5′ margin, and this intermediate is further processed by polynucleotide kinase, APE1, or other BER enzymes (12) .
During AP site cleavage by the AP lyase activity of DNA glycosylases, an aldimine intermediate between the C1′ atom of deoxyribose and a primary amine group in the protein is formed (3, 13, 14) . This intermediate, termed the Schiff base, can be reduced in vitro by sodium borohydride (NaBH 4 ) treatment, forming an irreversible covalent complex between the enzyme and DNA (3, 13, 14) . Several of the mammalian enzymes known to form the Schiff base intermediate with the AP site appear to belong to the BER system. On the other hand, an interaction of AP site DNA with proteins not considered to be involved in BER has been well documented. For example, human ribosomal protein S3 and nucleoside diphosphate kinase (NM23-H2/NDP) have been shown to form Schiff base intermediates with AP sites (15, 16) . In addition, the NaBH 4 trapping technique in combination with mass spectrometry has been used in a proteomic approach to identify a host of Escherichia coli and baker's yeast proteins reactive at AP sites (17) ; multiple proteins belonging to a range of metabolic pathways were identified. Because the AP site in DNA appears to be promiscuous in its binding to many cellular factors, it may be important for the BER system to sequester the AP site immediately upon formation. With this idea in mind, we screened cell extracts for proteins capable of binding AP sitecontaining DNA and then participating in the subsequent steps in BER.
Using a 32-bp DNA duplex with an AP site in the middle of the DNA sequence, we recently identified the p80 subunit of Ku antigen (Ku) as the protein forming the predominant product of NaBH 4 cross-linking in HeLa cell extract (18) . Ku recently was shown to be a 5′-dRP/AP lyase involved in double-strand break repair (19) . In further screening for proteins that are reactive at AP sites, we used circular AP site-containing DNA to exclude interference by Ku80. Circular double-stranded DNA was synthesized, using single-stranded M13 DNA as a template, in the presence of dUTP; then, AP sites were generated by uracil-DNA glycosylase (UDG) treatment. Unlike short duplex DNA with an AP site that predominantly cross-linked Ku80 in HeLa cell extract (18) , the use of circular AP site-containing DNA allowed us to detect a unique cross-linked protein with molecular mass of ∼120 kDa. This cross-linked protein-DNA complex was isolated and examined by mass spectrometry. The analysis identified the protein as poly(ADP-ribose) polymerase-1 (PARP-1). Further characterization of the PARP-1 interaction with AP site-containing DNA and its implications are discussed.
Results and Discussion
Cross-Linking of Cell Extract Proteins to AP Site-Containing DNA and Poly(ADP-Ribose) Modification. To study the interaction of cultured cell and tissue extract proteins with AP site-containing DNA, two types of DNA probe-bearing natural AP sites were used. One probe was a linear DNA duplex with an AP site in the middle of the 32 P-5′ end-labeled strand. The second probe was a circular duplex DNA containing randomly distributed AP sites in one of the strands; double-stranded circular 32 P-labeled DNA with randomly incorporated dUMP in one strand was synthesized using M13 single-stranded DNA as a template, and AP sites were created by UDG treatment immediately before use. In the case of circular AP site-containing DNA, prior to SDS-PAGE, the products of protein-DNA cross-linking were treated with nuclease to remove DNA outside of the protein-DNA complex.
AP sites are recognized by cell extract proteins and, in particular, proteins that bind to the C1′ of deoxyribose and form the Schiff base. These proteins are studied after irreversible crosslinking by NaBH 4 reduction (13, 14) . Schiff base formation does not require a divalent metal, and in the initial experiments, incubations with both DNA probes contained EDTA to prevent AP site cleavage by endonucleases in the extracts. The results were compared with those from incubations with magnesium ions in excess over EDTA. Protein cross-linking in the bovine testis nuclear extract (BTNE) is shown in Fig. 1 . Similar results were obtained with both incubation conditions ( Fig. 1 , lanes 1, 2 and 4, 5) and there was remarkable specificity for cross-linking of one extract protein. A prominent cross-linked (XL) labeled protein-DNA complex was observed at ∼120 kDa. A similar pattern of protein-circular AP site DNA cross-linking was obtained in HeLa cell extract (Fig. S1 ). Based on its size and the known PARP-1 recognition of BER intermediates (20-23), we suspected this XL protein might be PARP-1. To identify the protein in the ∼120-kDa complex, we first tested for poly(ADP-ribosyl)ation of the complex. Reaction mixtures with magnesium and the AP site-containing DNA probe were incubated for 15 min at 37°C, as usual. The reaction mixture was then supplemented with NAD þ , the substrate for synthesis of poly(ADP-ribose). After further incubation to allow poly(ADP-ribose) synthesis, the reaction mixture was treated with NaBH 4 . In the presence of NAD þ , the amount of the ∼120-kDa protein-DNA complex was reduced and slower migrating material was now observed (Fig. 1, lanes 3 and 6) . These results were consistent with poly(ADP-ribose) modification of the protein interacting with the DNA probe, suggesting that this protein was either automodified or modified by PARP in the extract.
Identification of the ∼120-kDa XL Protein by Mass Spectrometry. Next, to prove the identity of the XL protein, we performed large-scale cross-linking with the BTNE and a biotin-containing DNA probe. The cross-linked protein was prepared, purified using streptavidin-coupled paramagnetic beads, and resolved by SDS-PAGE. A well-defined stained protein band precisely corresponding to the labeled ∼120-kDa band ( Fig. S2 ) was excised from the gel, and the protein was subjected to in-gel trypsin digestion and mass spectrometry (MS). Results from the MS analyses were searched against a database, and PARP-1 was identified. Data for the PARP-1 peptides that were identified are summarized in Table S1 .
Comparison of NaBH 4 Cross-Linking of Purified PARP-1 with Intact and
Incised AP Site-Containing DNA. In light of the results described above, we tested for and found AP site cross-linking by purified PARP-1. We next examined purified PARP-1 cross-linking with a linear DNA containing either an intact AP site or preincised AP site; in addition to cross-linking probes, these DNAs are substrates for 5′-dRP and AP lyase enzymatic activities (to be described below). Cross-linking of PARP-1 was compared with that of DNA polymerase β (Pol β). PARP-1 and Pol β cross-linked to both of these DNA substrates in a concentration-dependent manner (Fig. 2) . Pol β had a preference for the preincised AP Fig. 1 . Cross-linking of BTNE proteins to AP site-containing DNA probe and effect of poly(ADP-ribose) modification. The reaction conditions and product analysis were as described under Materials and Methods. 32 P-labeled AP site-containing circular DNA probe (20 nM) or linear DNA probe (100 nM) was incubated with BTNE (1.25 mg∕mL (lanes 2 and 5) for 15 min at 37°C. In lanes 3 and 6, the reaction mixtures were supplemented with NAD þ and then further incubated for 5 min at 37°C prior to NaBH 4 treatment. NaBH 4 was then added, and the mixtures were further incubated at 0-1°C for 30 min. Then in lane 1, the reaction mixture was supplemented with 10 mM MgCl 2 . The reaction products in lanes 1-3 (proteins cross-linked with circular AP DNA) were treated with benzonase (12 units) for 15 min at 37°C prior to SDS-PAGE. Covalently cross-linked DNA-protein complexes (XL Protein) were separated by SDS-PAGE. A representative phosphorimage illustrating cross-linking of BTNE proteins is shown. The migration positions of protein markers (M), designated in kDa, XL Protein, and poly(ADP-ribose) Modified XL Protein are indicated. site-containing DNA, as compared to the intact AP site (Fig. 2A,  compare lanes 46 and 1012) . Conversely, PARP-1 failed to show a similar preference, yielding similar cross-linking with both probes.
Purified PARP-1 Cross-Linking to AP Site-Containing DNA. The crosslinking of PARP-1 with the AP site-containing probe raised the question of preferential PARP-1 binding to the AP site. We examined the specificity of PARP-1 interaction with AP site-containing DNA by competition experiments using three types of competitor DNA. A labeled DNA duplex with a "natural" AP site was used for PARP-1 cross-linking, and the cross-linking was competed either with a control DNA duplex (without an AP site), a synthetic AP site-containing DNA, i.e., with THF mimicking the AP site, or incised THF AP site-containing DNA. The results shown in Fig. 3 revealed that cross-linking of PARP-1 was competed with control DNA and both AP site-containing DNAs. However, the reduction was stronger in the cases of the AP site-containing DNAs and incised AP site-containing DNA than with control DNA. These results suggested that PARP-1 had greater affinity for the AP site-containing DNA than for the control DNA.
Enzymatic Activities and PARP-1 Interaction with AP Site-Containing DNA. The next question regarding PARP-1's interaction with AP sites was whether the enzyme is activated for poly(ADPribose) synthesis upon binding to the intact AP site. PARP-1 is well known to become activated by binding to DNA strand breaks (24, 25) , and to avoid the presence of confounding DNA ends, we prepared a double-hairpin DNA for use as probe (Figs. S3  and S4 ). First, using this hairpin DNA with an internal 32 P label, we confirmed the ability of purified PARP-1 to cross-link to the natural AP site. The results showed that double-hairpin DNA bearing the natural AP site (Fig. 4A, lane 2 ) was able to crosslink upon NaBH 4 reduction, whereas DNA without the AP site (uracil-DNA) failed to yield any cross-linked product (Fig. 4A,  lane 1) . As expected, the synthetic AP site (THF)-containing DNA (without the C1′ aldehydic group) failed to cross-link (Fig. 4A, lanes 4 and 5) . Next, using similar but unlabeled doublehairpin DNA and 32 P-labeled NAD þ as substrate for poly(ADPribose) synthesis, we examined the poly(ADP-ribose) synthesis activity of PARP-1. The natural AP site was generated by UDG treatment, as in Fig. 4A . Strong PARP-1 automodification was observed only in reaction mixtures containing APE1 (Fig. 4B) . PARP-1 automodification in reaction mixtures with the natural AP site, but without APE1, was only weak; this level, however, was more than the background level (Fig. 4B, compare lanes 1  and 2) . Under similar conditions, the THF AP site-containing DNA failed to support poly(ADP-ribose) synthesis (Fig. 4B, lanes  4 and 5) , but strong synthesis was observed when APE1 was added. These results were consistent with PARP-1 interaction with the intact AP site resulting in weak activation for autopoly (ADP-ribosyl)ation. This activation involved much less poly (ADP-ribose) synthesis than that observed with APE1-induced strand incision. Among other points, these results confirmed PARP-1's ability to interact with the intact AP site. The stability of AP sites under these experimental conditions is demonstrated in Fig. S5 .
Next, to further examine PARP-1 automodification, we conducted experiments with purified PARP-1 ( Fig. 5 A and B) . PARP-1 was first preincubated with labeled intact linear AP site-containing DNA. The reaction mixture was then supplemented with NAD þ to allow poly(ADP-ribose) synthesis. Then, the reaction mixture was treated with NaHB 4 and analyzed. The results indicated that the poly(ADP-ribose) modified enzyme was cross-linked (Fig. 5A, lane 2) . In light of this result, we were curious to test PARP-1's capacity to conduct strand incision at the AP site via AP lyase activity. As shown in Fig. 5B , PARP-1 was capable of incising AP site-containing DNA, and the activity was similar to that of Pol β. In light of PARP-1's AP lyase activity, we also tested for 5′-dRP lyase activity. PARP-1 conducted 5′-dRP lyase activity against a preincised AP site (Fig. 5C ), yet the activity appeared to be much lower than that of Pol β. These results suggested that the endogenous AP lyase activity in PARP-1 was sufficient to provide activation of poly(ADP-ribose) synthesis at the natural AP site. Stability of the AP Site/PARP-1 Complex. Schiff base formation is considered a reversible process, but a PARP-1 molecule bound at the AP site may represent a rather long-lived complex. This idea raised the question of the stability of the PARP-1/AP site-containing DNA complex. To test this idea, we incubated PARP-1 in the presence of AP site-containing DNA to allow binding and formation of the Schiff base. Then, the mixture was divided into portions: One was processed immediately; the other was supplemented with an excess of THF-containing DNA to trap PARP-1 liberated from the initial complex. This mixture was then further incubated. Aliquots were withdrawn at intervals, treated with NaBH 4 , and analyzed by SDS-PAGE. In the presence of excess DNA trap, the amount of cross-linked material declined only ∼20% after 1 h, indicating significant stability of the PARP-1 and AP site-containing DNA complex (Fig. S6) .
Interaction of APE1 and PARP-1 at the AP Site. AP sites are considered to arise abundantly in mammalian cell and tissue genomic DNA. Therefore, understanding coordination for the various enzymes and accessory factors recognizing the AP site is an important challenge. From the results described above, PARP-1 is among the proteins interacting with the intact AP site, and we were interested in evaluating the possibility of competition between purified APE1 and PARP-1 at an intact AP site.
First, we tested for APE1 inhibition of the PARP-1 crosslinking to AP site-containing DNA in the absence of magnesium ions to prevent AP site cleavage by APE1. In these experiments, PARP-1 (200 nM) cross-linking with AP site-containing linear DNA (100 nM) was studied in the absence or presence of APE1 (20 nM). APE1 decreased the PARP-1 cross-linking (Fig. S7A,  compare lanes 1 and 3) , demonstrating competition of these proteins for AP DNA binding. However, when PARP-1 was first allowed to bind the AP site DNA and form the Schiff base intermediate (preincubation for 15 min at 37°C), followed by addition of APE1 and further incubation (for 15 min), the level of PARP-1 cross-linking was unchanged by the presence of APE1 (Fig. S7A,  compare lanes 1 and 2) . This illustrated the inability of APE1 to displace PARP-1 from the preformed Schiff base intermediate.
A competition experiment in the presence of 10 mM Mg 2þ
showed that the level of PARP-1 cross-linking was decreased by factors of 3.45-and 4.0-fold by 20 nM and 100 nM APE1, respectively (Fig. S7B, compare lanes 1 and 6, 7) . Analysis of AP site-containing DNA cleavage by APE1 also was conducted (Fig. S7C) . PARP-1 was preincubated with the AP site-containing DNA substrate and then APE1 (20 nM or 100 nM) was added to the mixture. The incubation was continued for 2 or 15 min. At 2-min incubation with 20 nM APE1, PARP-1 inhibited the incision activity (Fig. S7C, lanes 1 and 3) . However, with the longer incubation or the higher level of APE1, no significant inhibition was observed. Taken together, the data support the notion that PARP-1 and APE1 compete for AP site DNA binding. Proteins and Cell Extracts. T4 polynucleotide kinase, E. coli UDG, Stoffel fragment of Taq DNA polymerase, DNA ligase from Methanobacterium thermoautotrophicum, and dUTP were from Biosan. Nuclease (Benzonase) was from Novagen. Human Pol β was overexpressed and purified as described (30) . M. Satoh (Laval University, Quebec City, QC, Canada) kindly provided a human PARP-1 expression vector; the His-tagged full-length protein was overexpressed in E. coli and purified as described previously (32) . Whole cell extract from HeLa cells was prepared as described (33) . Bovine testis nuclear extract (BTNE) was prepared as described (34) . All cell extracts were stored in aliquots at −70°C. were incubated as described. The positions of the substrates and products are indicated, and the DNA is illustrated at the bottom. The * symbol illustrates the position of the 32 P label in the DNA, as in Fig. 2 . In B, all eight lanes shown were from the same gel; some lanes from this gel are not shown because they are not relevant to the interpretation of this experiment, and the order of the original lanes was adjusted for use in B.
Preparation of Linear Duplex DNA. Linear DNA duplexes were prepared as described (18) .
Preparation of M13 Circular DNA Substrate. Uniformly 32 P-labeled circular double-stranded DNA was synthesized using single-stranded M13 mp19 DNA as a template in the presence of dUTP, essentially as described previously (35) . Briefly, the reaction mixture (100 μL) contained 0. This was followed by DNA precipitation with ethanol. Precipitated DNA was dissolved in TE buffer and purified using a spin column (Sephadex G-25).
Preparation of Double-Hairpin DNA Substrates. 32 P-labeled or unlabeled oligonucleotides that contained a double-hairpin sequence were annealed, ligated, and purified as detailed in SI Text.
Cross-Linking of Protein-DNA Complexes with Sodium Borohydride. The standard reaction mixture (10 μL) contained 50 mM Hepes-KOH, pH 7.8, 5 mM EDTA, 20 mM KCl, 2 mM DTT, 32 P-labeled M13 AP site-containing DNA (20 nM), linear natural AP site-containing DNA (100 nM) and hairpin DNA (100 nM) and protein extracts (1.25 mg∕mL) or human recombinant PARP-1 (100∕200 nM). The AP sites were generated by treating DNA with UDG immediately before the experiments. The reaction mixtures were assembled on ice and incubated for 15 min at 37°C. After incubation, the reaction mixtures were supplemented with NaBH 4 to a final concentration of 20 mM and further incubated for 30 min at 0-1°C. In some cases, the reaction mixtures, before NaBH 4 treatment, were supplemented with 10 mM MgCl 2 or 400 μM NAD þ and 10 mM MgCl 2 and incubated for 5 min at 37°C. The products of covalent protein cross-linking with circular AP DNA were treated with benzonase (12 units) for 15 min at 37°C prior to SDS-PAGE. In the competition experiments (Fig. 3) , the reaction mixtures additionally contained control or THF-containing linear DNAs (intact or incised) at concentrations of 50, 100, or 200 nM, as indicated. After incubation, the reaction mixtures were supplemented with NaBH 4 to a final concentration of 20 mM and further incubated for 30 min at 0-1°C. The reaction mixtures were quenched with Laemmli sample buffer and heated for 5 min at 95°C. Proteins were separated by denaturing electrophoresis in a 10% polyacrylamide gel (36) . The gels were dried and subjected to phosphorimaging for quantification using Molecular Imager and Quantity One software (Bio-Rad).
In experiments with double-hairpin DNA (Fig. 4A) , either a uracil base or THF synthetic AP site was identically positioned, as described in SI Text. UDG, PARP-1, and DNA were incubated in the standard reaction mixture and processed as described above.
PARP-1 Autopoly(ADP-Ribosyl)ation. The reaction mixture (10 μL) for autpoly (ADP-ribosyl)ation of PARP-1 contained 50 mM Hepes-KOH, pH 7.8, 0.5 mM EDTA, 20 mM KCl, 2 mM DTT, 5 mM MgCl 2 , 100 nM double-hairpin DNA 100 μM ½ 32 PNAD þ , 200 nM PARP-1, 20 nM UDG, and/or 20 nM APE1, as indicated in the figure legends. The reaction mixtures, after incubation for 20 min at 30°C, were terminated by the addition of 10 μL SDS-PAGE buffer and heating for 5 min at 95°C. The reaction mixtures were analyzed by 4-12% SDS-PAGE with subsequent phosphorimaging.
AP and 5′-dRP Lyase Assays. AP and 5′-dRP and AP lyase activities of PARP-1 were determined essentially as described previously (37) . Briefly, the reaction mixture (30 μL) contained 50 mM Hepes, pH 7.5, 20 mM KCl, 2 mM dithiothreitol, 1 mM EDTA, and 50 nM UDG pretreated 3′ end-labeled AP site-containing DNA or preincised AP site-containing DNA. The reaction was initiated by adding purified PARP-1 or Pol β, as indicated, followed by incubation at 37°C
. Aliquots (9 μL each) were transferred at the indicated intervals into tubes that contained 1 μL freshly prepared 200 nM NaBH 4 . Reaction mixtures were shifted to 0-1°C (on ice), and incubation was continued for 30 min. After the incubation, reactions were stopped by the addition of 10 μL formamide gelloading dye and heating to 75°C for 2 min. Reaction products were separated by electrophoresis in a 15% polyacrylamide gel containing 8 M urea in 89 mM Tris-HCl, 89 mM boric acid, and 2 mM EDTA, pH 8.8 (38) . Imaging and data analysis were performed with a Typhoon PhosphorImager and the ImageQuant software (GE HealthCare).
MALDI-TOF-MS Analysis. Preparative cross-linking was conducted essentially as described above. The volume of the reaction mixture was increased to 1.3 mL. Samples for MALDI-TOF-MS and data acquisition were as described (18) . Peptide analysis was performed using the Mascot software and National Center for Biotechnology Information protein database at http://www. expasy.org.
Assessment of the Stability of the PARP-1-AP DNA Complex. Reaction mixtures (50 μL) were prepared as described above. PARP-1 (200 nM) was preincubated with 32 P-labeled AP site-containing DNA (100 nM) for 15 min at 37°C. Then, a portion of the reaction mixture was supplemented with unlabeled THFcontaining DNA at final concentration of 1 μM to trap and prevent the reassociation of PARP-1, liberated from the complex, with the labeled DNA probe. Aliquots were taken at different times, followed by sodium borohydride treatment and analysis as above.
